In low-income countries, rapid urbanization adds pressure to already stressed water and sanitation systems that are critical to the health of communities. Drainage networks, designed for stormwater but commonly used for disposing of waste, are rarely covered completely, allowing residents to easily come into contact with their contents. This study used spatial mapping, documentation of physical drain characteristics, microbiological analysis of drain samples, and behavioral observation to comprehensively examine drains as a route of exposure to fecal contamination in four low-income neighborhoods in Accra, Ghana. A stochastic model of six likely exposure scenarios was constructed to estimate children's exposure to drain water. Regardless of the age of the child, any exposure scenario considered resulted in exposure to a high level of fecal contamination. Fecal contamination levels in drains were high (Escherichia coli: geometric mean (GM), 8.60 cfu log 10 /100 mL; coliphage: GM, 5.56 pfu log 10 /100 mL), and did not differ by neighborhood or physical drain characteristics, indicating that frequency of contact with drains, and not drain type or location, drives exposure risk.
INTRODUCTION
Currently, more of the world's population live in urban settings than in rural settings, and by 2050, it is projected that seven out of ten people worldwide will live in urban settings (WHO & UN-Habitat ) . Africa in particular is expected to continue to have rapid urbanization rates (United Nations ), adding pressure to already stressed water and sanitation sys- Furthermore, the effects of drain-level and neighborhood-level characteristics that could modify both the amount of fecal contamination in drains and the frequency with which children are exposed to drains have not been examined. The goal of this study was two-fold:
1. Determine if physical drain characteristics or neighborhood characteristics are associated with (a) the level of fecal contamination in drain water, and (b) the frequency of children's contact with drain water. 2. Determine if child's age or the type of activity leading to drain exposure significantly affects the dose of fecal contamination (measured as Escherichia coli and coliphage) a child would be exposed to.
METHODS
The study was conducted from July 2011 to November 2012 in four low-income neighborhoods in Accra, Ghana: Alajo, Bukom, Old Fadama, and Shiabu (Figure 1 ). The neighborhoods were selected to be representative of the risk conditions associated with poor sanitation across a variety of low-income urban environments. Alajo, the wealthiest of the neighborhoods studied, is situated furthest inland from the coastline and is bordered by the Odaw River and the Onyasia River. Bukom is a coastal community situated in downtown Accra. Old Fadama is an inland squatter settlement, and as such had the least developed drainage and sanitation infrastructure. Finally, Shiabu is another costal community boarded by the Chemu Lagoon with squatter housing in the southern half of the community and gated wealthier houses in the northern half.
A survey of randomly selected households was conducted in each neighborhood to collect information on household demographics and sanitation and hygiene practices as pre- Equations describing the loading of microbes on hands (directly or through an object) and the transfer of microbes from hand-to-mouth were used to determine the final dose for each exposure scenario (Zartarian et al. ) . Model parameters are presented in Table 1 for the hand contamination distributions and Table 2 for the dose distributions. Model parameters and equations are described further in the Appendix (available with the online version of this paper).
Distribution of hand contamination
Distribution of hand contamination via an object
Distribution of dose from hand-to-mouth contact
For scenarios A-D, the final doses were generated by Equation (3). For scenarios E and F, it was assumed that all children ingested an additional droplet of drain water, which was assumed to have a fixed volume of 0.05 mL.
Distribution of residual dose from direct ingestion
The final dose for these two scenarios was the sum of the hand-to-mouth dose generated by Equation (3) and the residual dose generated by Equation (4 
RESULTS
Two hundred household surveys were conducted in each study neighborhood. Reported household characteristics for each neighborhood are presented in Table 3 . Households without a toilet in the compound must rely on public toilets. Old Fadama had the lowest level of sanitation infrastructure.
Almost no one had access to improved sanitation facilities in her or his compound, and many reported not having a drain near the household. While many residents of Bukom also lacked access to sanitation facilities, this community had the highest proportion of households reporting access to drains.
In both Alajo and Shiabu, about 50% of households had access to a toilet in the compound, and around 40% reported having a drain near the household. Defecation in drains was least common in Shiabu where respondents reported that both children and adults were never seen defecating in a household drain. Reported drain defecation was most common in Old Fadama; 22% and 15% of respondents reported seeing children and adults defecating every day in a drain near their household, respectively. Similar rates of observed child and adult defecation into drains were reported in Bukom.
Characteristics of the open drains network varied by neighborhood (Table 4) . Bukom had the densest drain network, followed by Alajo and Shiabu and finally Old Fadama with the fewest drains per square kilometer. Calculated drain density was consistent with how frequently drains were reported near households in the household survey (Table 3) .
In Alajo, Bukom, and Shiabu, drain construction was primarily carried out by the city; however, in Old Fadama, all but one drain was ecologically formed or constructed by citizens.
Drain size was generally a reflection of construction. Drains built by the city were typically medium in size and deep, while drains that were ecologically formed tend to be wider The WHO and UNICEF define improved sanitation as: flush toilet, piped sewer system, septic tank, flush/pour flush to pit latrine, ventilated improved pit latrine (VIP), pit latrine with slab, and composting toilet.
The frequency of older children observed in small drains was less than twice the rate of older children observed in large drains. There were no differences in the observed frequencies of older children entering drains based on drain construction.
There were 86 water samples from open drains tested for E. coli and 42 for coliphage. The concentrations of coliphage in the open drain water samples were consistently lower than the E. coli concentrations across all drain types (Table 6 ). Water samples from drains that were originally rivers/lagoons had E. coli concentrations that were significantly lower than water samples that were taken from drains that only functioned as drains (geometric mean, 7.93 cfu log 10 /100 mL vs. 8.72 cfu log 10 /100 mL; P < 0.01).
There was no significant difference in coliphage concentrations between drains that were originally rivers/lagoons and those that were not. To assess differences in microbial concentrations between other neighborhood and drain characteristics, samples from drains that were originally rivers/lagoons were removed from the analysis. For remaining samples, E. coli and coliphage concentrations in drain water samples did not significantly differ by neighborhood, drain size, construction type, or cover (Table 6 ).
The geometric mean and 95% range for the final estimated coliphage and E. coli doses are presented in Table 7 . Exposure to the highest dose of fecal microbes was estimated to occur durning scenario A. The coliphage doses had a mean of 2.44 pfu log 10 , while E. coli doses had a mean of 5.47 cfu log 10 . Scenario D estimated exposure to the lowest dose of fecal microbes with a mean of 1.39 pfu log 10 of coliphage ingested and 4.80 cfu log 10 of E. coli ingested. Although the E. coli concentrations in drains that were rivers/lagoons Water levels recorded were dry, low (mostly dry, small stream, not all contents are suspended in water), medium (contents are suspended in water, bottom of drain covered with water), high (obviously high water level, near top or overflowing), or unable to see. were significantly lower than the concentrations in all other drains, practically the concentrations were similar and differed by less than 1 cfu log 10 . When these two concentrations were applied to the exposure model, the logtransformed doses only differed by 79.6% indicating no significant difference between the two doses.
Estimated doses did not differ significantly by age group or exposure activity. The final doses for young children were slightly higher than the doses for older children because we assumed higher mouthing frequencies in young children;
however, due to considerable variation in MC estimates, the differences in the log-transformed doses were not significant.
In addition, while the log-transformed coliphage and E. coli doses resulting from incidental entry were lower than those for accidental and deliberate entry, this difference was not significant. Overall, within each age group, there was no significant difference in the coliphage and E. coli doses that were estimated from the three exposure activities (Figure 3 ).
The mean of the coliphage dose that was estimated to occur if we assumed drain exposure resulted in direct ingestion of 5 mL of drain water was 4.27 log 10 pfu (95% range: 2.00, 6.56 log 10 pfu). The mean of the E. coli dose was 7.29 log 10 cfu (95% range: 5.35, 9.22 log 10 cfu). The log-transformed dose distribution for direct ingestion of 5 mL of drain water was significantly different from all log-transformed dose distributions modeled in this study for both fecal indicators (Figure 3 ).
DISCUSSION
To our knowledge, this study represents the first attempt to quantify exposure of children to fecal microbes present in We also accounted for different types of activities that could cause exposure of children to drain water by modeling three different likely exposure activities: (1) accidental entry with direct hand-drain water contact, (2) incidental entry to retrieve an object, with hand contamination occurring through the object, and (3) deliberate entry with direct hand-drain water contact dependent on the time spent in the drain along with direct ingestion of a droplet of drain water. Two different age groups of children were considered to account for differences in hand size and hand mouthing frequencies. This resulted in six exposure scenarios.
The primary factor that determined dose was the high concentration of fecal microbes present in drain water. No differences were found in the log-transformed doses across age groups even though young children more frequently mouth hands than older children. Exposure activity also did not significantly change the estimated doses. We hypothesize that the highly variable concentration of microbes in open drains masked the effect these behavioral parameters had. In this setting, drain water was so highly contaminated with fecal microbes that any contact resulted in a high level of exposure to these microbes.
Published studies on exposure of children to open drains have assumed that the child directly ingested 5 mL of drain water during each drain entry event and that such events Incidental drain entry describes a scenario where a child entered a drain to retrieve a fallen object, had contamination of their hands through the object and subsequent hand mouthing events occurred.
c Deliberate drain entry describes a scenario where a child purposefully entered a drain for a period of time in which their hands could contact drain water and subsequent hand mouthing events occurred. It was assumed at least a droplet of drain water was ingested per deliberate entry event. were also not considered. 
Burton et al. ).
Open drain water is highly contaminated in Accra.
Drains rarely flowed between neighborhoods; therefore we can safely assume that contamination levels are primarily impacted by spillage events within a given neighborhood.
Among the drains that did not function as rivers/lagoons, there were no significant differences in microbial concentrations by neighborhood, despite differences in reported access to improved sanitation facilities and drain defecation practices that could modify the load of fecal microbes entering drains. Drain size, the type of construction, and cover also were not associated with different microbial concentrations. Additionally, exposure doses did not differ between the six exposure scenarios considered in this study. Taken Coliphage concentrations did not mirror this pattern, which may be because E. coli dies off more quickly than coliphage.
We attribute the differences in E. coli concentrations in the two different types of drains to the environmental water still present in river/lagoon drains that dilute microbial inputs.
However, when the two E. coli concentrations were applied to the exposure assessment model, the distributions of the resulting doses did not significantly differ from each other.
Although infection risk was not calculated in this study, 
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